Here we develop a novel technique for preparing high quality Ti-doped hematite thin films for photoelectrochemical (PEC) water splitting, through sputtering deposition of metallic iron films from an iron target embedded with titanium (dopant) pellets, followed by a thermal oxidation step that turns the metal films into doped hematite. It is found that the hematite domain size can be tuned from ∼10 nm to over 100 nm by adjusting the sputtering atmosphere from more oxidative to mostly inert. The better crystallinity at larger domain size ensures excellent PEC water splitting performance, leading to record high photocurrent from pure planar hematite thin films on FTO substrates. Titanium doping further enhances the PEC performance of hematite photoanodes. The photocurrent is improved by 50%, with a titanium dopant concentration as low as 0.5 atom%. It is also found that the role of titanium dopant in improving the PEC performance is not apparently related to the films' electrical conductivity which had been widely believed, but is more likely due to the passivation of surface defects by the titanium dopants.
INTRODUCTION
Driven by a strong desire for clean and renewable fuel, effective methods of hydrogen (H 2 ) production have been sought after for a long time. Solar water splitting within a photoelectrochemical (PEC) cell has been one of the most promising methods since 1972, when Fujishima and Honda first reported electrochemical photolysis of water using a TiO 2 electrode under UV radiation. 1 The key component of a PEC cell, the semiconductor photoelectrode, is responsible for carriers generation through light absorption, which initiates redox reactions in water to produce hydrogen and oxygen. 2 Continuous efforts of finding suitable semiconductor materials for photoelectrodes are being made to further improve the PEC cell performance. 3 α-Fe 2 O 3 , or hematite, becomes attractive for its vast abundance in the earth's crust, low cost, and stability in both the atmosphere and water, together with a suit-that is independent of dopant type or concentration. Limited efforts have been made to produce uniformly doped hematite thin films, employing techniques such as atomic layer deposition (ALD), [27] [28] [29] [30] pulsed laser deposition (PLD), 31 and reactive magnetron sputtering 10 . However, these techniques suffer from little flexibility in dopant species or concentrations. ALD requires specific organometallic precursors for each dopants, while PLD and traditional magnetron sputter both require alloyed targets, in which the dopant species and concentrations are fixed. Here we report a modified magnetron sputtering deposition technique to produce uniform hematite thin films, in which the dopants species and concentrations could be readily adjusted. Considered an ideal method to produce higher quality thin films, 32 magnetron sputtering follows a basic working principle illustrated in Figure 1a . The target is mounted over a permanent magnets assembly, around which a strong electrical field (DC or RF) ionizes the argon atmosphere into a plasma of Ar + ions and electrons. The Ar + ions then bombard against the target surface, which subsequently ejects target atoms. Plasma density close to the target is strongly influenced by the magnetic field, leading to higher sputtering rate at an annular ring over the target. For doping application we drill one or more small holes at this annular ring for embedment of dopant pellet(s) (Figure 1b) . The dopants can be easily alternated with different metal pellets, and the doping level can be controlled by the number and the size of the pellets. In this case we use a pure iron target that is embedded with titanium pellet(s). Unlike methods that deposit Fe 2 O 3 directly, we apply a "deposition -oxidation" strategy, in which pure or titanium-doped iron films are first deposited at room temperature and are subsequently annealed in oxygen at higher temperature to form hematite films (Scheme 1). The two-step process not only provides well controlled doping level but also improves quality of hematite films when compared to single step methods. 10, 33, 34 In this work we optimize the PEC water splitting activity of these hematite films through a systematic study of critical deposition parameters including the titanium concentration, the sputtering atmosphere, and the film thickness. We find that titanium doping significantly improves the film's water splitting activity, even at a very low dopant concentration (0.5 atom%). On the other hand, we note that the grain size and photocatalytic performance of the Ti-doped hematite thin films can be readily tuned by varying the sputtering atmosphere from inert to mildly oxidative, which is achieved by mixing a certain fraction of oxygen to the argon carrier gas. In addition, we find that the hematite film's electrical conductivity is not increased but decreased at low concentration of titanium doping, suggesting that its role may not be as simple as proposed in earlier studies. 
RESULTS AND DISCUSSION
In Scheme 1 we list the deposition parameters used for hematite thin film synthesis, including sputtering condition and titanium doping concentration, and introduce the naming rule for the samples. Pure or titanium doped iron metal films are first sputtered over various substrates such as fluorine-doped tin oxide (FTO) glasses or silicon wafers, and all samples in the following discussions are deposited to a thickness of 25 nm, monitored in situ by a quartz crystal microbalance (QCM), which provides better PEC performance than any other thicknesses in our method (Supporting Information, Figure S1 ). A thermal oxidation process at 500 • C is followed to convert iron into hematite. The phase diagram of iron oxides does indicate that hematite is the single most stable phase in pure O 2 at 500 • C. 35 To better investigate the doping conditions and crystallinity of Ti-doped hematite thin films, samples are first deposited over silicon wafers to eliminate undesired background signal. X-ray diffraction (XRD) confirms the rhombohedral lattice structures of Ti-doped hematite thin films (Figure 2a ). Diffraction peaks are indexed using a standard pattern from synthetic hematite (JCPDS#33-0664). Across all the samples we find that the strongest hematite diffraction signal is always from the (104) plane, indicating it as the preferred orientation for the films. The annular-integrated selective area electron diffraction (SAED) pattern (Figure 2a, inset) further confirms the formation of hematite after thermal oxidation. The apparent difference in peak intensities of XRD and integrated SAED patterns is due to their very different incident beam orientation. The presence of titanium in hematite films is confirmed by energy dispersive X-ray spectroscopy (EDX, Figure 2b) . A dopant concentration as low as 0.5 atom% is achieved by embedding one single cylindrical titanium pellet to the iron sputtering target. By embedding more titanium pellets the total exposed surface area of titanium is increased, leading to higher doping concentration. X-ray photoelectron spectroscopy (XPS) finds the valence state of titanium in hematite films to be 4+, and confirms the dopant concentration given by the EDX measurement (Supporting Information, Figure  S2 ). 
Intensity ( Pure or Ti-doped hematite are deposited onto conductive FTO glasses substrates to produce water splitting photoelectrodes. When deposited over FTO substrate in pure argon atmosphere, iron thin film sputtered from both pure and Ti-embedded iron target features metallic smooth finish (Supporting Information, Figure S3a ). Although pure iron thin films are converted to uniform orange colored films after rapid thermal annealing (RTA) in O 2 , as expected for hematite (Supporting Information, Figure  S3b ), 10, 30 the Ti-doped thin films appear very uneven in color after the same process (Figure 3a) , which is likely due to the chemical reaction between elemental titanium and the FTO substrates during the heating. Thermodynamic calculation indicates that it is highly favorable for elemental titanium to reduce tin oxide to elemental tin both at room temperature and at 500 • C, but not favorable for elemental iron to do so (Supporting Information). Moreover, with a melting point of just 232 • C, elemental tin can readily diffuse into the hematite layer during annealing at 500 • C, which is visualized by cross-sectional EDX mapping (Figure 3c ). The diffusion of elemental tin also interferes with the crystallization of hematite, leaving significant inhomogeneity and porosity across the specimen, as shown by the cross-sectional scanning TEM image (Figure 3b ). The decrease in thickness of FTO layer (from ∼300 nm to ∼285 nm) is consistent with the diffusion of tin from the substrate to hematite.
The undesired reaction between titanium and FTO can be inhibited by the introduction of a minimal flow of O 2 during the sputtering deposition. Even when the introduced O 2 is insufficient to completely oxidize the deposited film, as it remains its metallic appearance, the film nevertheless turns uniformly orange after its complete RTA oxidation (Figure 3d ). The formation of hematite over FTO glasses is confirmed by XRD (Supporting Information, Figure S4 ).The substrate layer and the hematite layer are clearly divided as the diffusion of tin is prevented effectively (Figure 3e , 3f). Besides inhibiting the undesired reaction, we find that the amount of oxygen introduced during the sputtering deposition has a profound impact on the structure ( Figure  4 ) and the photocatalytic performance of the hematite thin film electrodes eventually made. By fixing the argon flow to 40 sccm, the iron thin films are deposited to a same thickness with different flow rates of O 2 (1-10 sccm), and are subsequently fully oxidized to hematite under an identical RTA condition (Scheme 1). The morphology variation brought by different sputtering atmosphere is clearly shown by SEM images presented in Figure 4a and TEM images presented in Figure 4b . Produced with 1.0 sccm O 2 flow (Sample ATi 0.5 ), the Ti-doped hematite thin film appears highly textured, with domain size over 100 nm. With 1.5 sccm O 2 flow (Sample BTi 0.5 ), the textured structure becomes sparse with smaller grains developing beneath. Samples produced with 2.5 sccm (Sample CTi 0.5 ), 3.5 sccm (Sample DTi 0.5 ) and 10 sccm O 2 flows (Sample ETi 0.5 ) appear very flat with uniformly distributed grains as tiny as ∼10 nm. The evolution of morphology is clearly correlated to the thin films' degree of oxidation during their sputtering deposition. The highly textured structures produced at low O 2 flow is due to the dramatic expansion of metal lattices during the RTA oxidation at 500 • C, as oxygen atoms enters the lattices. When oxidized from iron to hematite, the thin film expands by about two folds in volume. In contrast, deposition under higher O 2 flows oxidizes most of the iron atoms into hematite clusters ) give diffraction patterns of isolated spots, which can be indexed into a small number of groups with different crystal orientations, suggesting larger crystal domains and better crystallinity. It is therefore apparent that a hematite thin film of large domain size is formed when the majority of iron is oxidized during the second step of 500 • C RTA, rather than being oxidized in situ during the first step of sputtering deposition. On the contrary, the tiny Fe 2 O 3 clusters formed during the sputtering deposition with 2.5 sccm or higher O 2 flow do not grow further during the RTA oxidation. The finding is consistent with literature reports that indicate the annealing of hematite at ∼500 • C have no significant impacts on its crystal domain size and structure. [36] [37] [38] The trend of decreasing domain size is reversed toward the highest O 2 flow of 10 sccm (Sample ETi 0.5 ), which shows slightly larger grains. However, the film is now becoming significantly more porous with large gaps between domains (Supporting Information, Figure S5 ).
Such significant difference in crystallization will no doubt impact on their photocatalytic performances. Indeed, the hematite photoelectrodes prepared with different O 2 flows during sputtering deposition behave rather differently for PEC measurements (Figure 5a ). It is clearly seen that Sample ATi 0.5 presents the highest photocurrent density, 0.415 mA·cm −2 , at the thermodynamic potential of oxygen evolving (1.23 V RHE at 25 • C) under AM 1.5 G illumination, and that the onset potential for anodic current is at ∼1.0 V RHE . A decrease in photoelectrochemical performance follows the increase in O 2 flow during sputtering deposition, e.g., Sample ETi 0.5 generates merely ∼0.003 mA·cm −2 at 1.23 V RHE , with onset potential shifting ∼0.1 V more anodic. Such drastically drop in photocurrents can be also observed in 1.9 atom% Ti-doped samples (Supporting Information, Figure S6 ). These results are well correlated to the microscopic structure of these thin films, that the smaller grain sizes of higher O 2 flow samples lead to significant increase of grain boundaries and surface defects, which effectively trap photo-generated electrons and holes, 39, 40 thus promoting carrier recombination in the thin films. As the photocurrent is primary limited by the carrier recombination processes, 41 the trend in the PEC activity agrees well with the changes in grain size.
The dopant concentration is further investigated to better understand the role of titanium doping, by varying the numbers of titanium pellets being embedded. As shown in Figure 5b , titanium doping at 0.5 atom% increases the photocurrent by ∼50% when compared to pure hematite thin film produced under identical conditions, from 0.277 mA·cm −2 to 0.415 mA·cm −2 at 1.23 V RHE . Although previous reports usually involve higher level of titanium doping (2% ∼ 5%), 9 has significant effect for improving the photocatalytic activity. In fact, samples doped with higher concentration of titanium (∼1.9 atom%) shows no additional improvement, indicating only a small amount of Ti doping is needed for the improvement. It is worth noting that a doping concentration of 0.5 atom% is equivalent to a titanium density of 2 × 10 20 cm −3 in hematite, which is already a very high dopant concentration from the perspective of semiconductor physics. On the other hand, photocurrent from our pure hematite film (0.277 mA·cm −2 ) remains higher than previous results on planar hematite thin film electrode prepared by other techniques, including the reactive DC magnetron sputtering method. 10, 30 The improvement likely attributes to our two-step "deposition -oxidation" technique, which provides better crystallinity of hematite film electrodes through the RTA oxidation of iron thin films.
Further details of PEC performance are studied by measuring the incident photon-to-current efficiency (IPCE), which is the ratio of the number of photo-generated electrons to the number of incident photons (Figure 5c ). The measurements are performed at 1.46 V RHE with incident wavelength in the 300∼700 nm range. It is clearly shown that the titanium doping improves the overall IPCE of hematite thin films at wavelength shorter than 480 nm. The improvement is most significant around 350 nm, where the IPCE is more than doubled through the titanium doping. The relatively low IPCE beyond 480 nm (2.58 eV) is consistent with hematite being an indirect band gap semiconductor, as indirect transition is usually associated with much weaker light absorption. By analyzing the optical absorption spectrum of our hematite sample we find its direct band gap at ∼2.57 eV (482 nm) and indirect band gap at ∼1.77 eV (700 nm), which agrees with previous reports (Supporting Information, Figure S7) . 33, 43 The result thus confirms that the higher efficiency observed at λ < 480 nm is due to the excitation of the direct band gap.
Electronic properties of undoped and Ti-doped hematite thin films, including the flat band potential (E fb ) and donor density (N D ), are obtained from the Mott-Schottky analysis. The space charge capacitance C 0 is determined by electrochemical impedance spectroscopy (EIS) measurements performed at 1 kHz and is normalized by the surface area A = 1 cm 2 in our case (Supporting Information). For a planar semiconductor|electrolyte interface, capacitance and applied potential follow the MottSchottky equation:
where e is the elementary charge, ε the semiconductor dielectric constant (∼20 for hematite), ε 0 the vacuum permittivity, ∆φ = E − E fb the magnitude of band bending at the semiconductor|electrolyte interface, and k B T the thermal energy. All the samples measured present a linear relationship between 1/C 2 SC and E within lower potential range (< 1.0 V RHE ) ( Figure 6 ). Positive slopes of these samples indicate that all the hematite thin films are n-type. Linear fitting of 1/C 2 SC vs. E gives N D and E fb according to Eq. (1). The results are summarized in Table 1 and Table  2 .
Mott-Schottky plots of hematite thin films with different titanium doping concentration are shown in Figure 6b , with the flat band potential (E fb ) and donor density (N D ) derived from these plots summarized in Table 2 . The donor density of 0.5 atom% Tidoped Sample ATi 0.5 (N D = 2.6 × 10 18 cm −3 ) is surprisingly lower than the pure hematite Sample ATi 0 (N D = 4.0 × 10 18 cm −3 ). Only Table 2 Electrical Properties of pure or Ti-doped hematite thin films (1.0 sccm O 2 flow during sputtering deposition, with different Ti-dopant concentration c Ti ). at higher titanium doping concentration (1.9 atom%) does the donor density increase to 5.0 × 10 18 cm −3 . This trend is consistent to the results from conductivity measurements (Table 2) , i.e., the conductivity first decreases when a low concentration (0.5 atom%) of titanium is doped to pure hematite but increases at higher doping. The results suggest that although the doping of titanium clearly improves the PEC activity of hematite, the improvements are not apparently related to the enhanced conductivity as suggested before, 44 that is, the role of titanium is not as simple and naïve as an n-type donor. In fact, considering that the voltage drops across such a thin Ti-doped hematite film (∼70 nm for our samples, Supporting Information) is merely about 1 mV at a current density of 1 mA·cm −2 , it is not surprising that the films' electrical conductivity has little effect on their photocatalytic activity in our case.
According to Figure 6a and Table 1 , it is clear that N D increases for samples deposited under higher O 2 flow, while the flat band potential remain constant at 0.53±0.06 V RHE . Donor density (N D ) of n-type semiconductors at room temperature reflects the concentration of positively charged impurities in intrinsic semiconductors, 45 where the impurities are mainly made of dopants and defects in materials. That is, N D measured from Mott-Schottky plot is the total donor concentration, which may or may not ionize to make free carriers. As titanium dopant concentrations are fixed in these samples and all the samples are oxidized completely under an identical RTA condition, the increasing of N D with increased O 2 flow is likely the outcome of higher concentration of defects in hematite thin films due to the decreased domain sizes.
It is worth noting that the titanium doping may affect not only the bulk of hematite but also its surface, that the presence of titanium on the surface of hematite is inevitable due to the uniform distribution of titanium dopants in hematite. To better understand the surface effect of titanium doping, we simulate the surface condition of Ti-doped hematite thin films by intentionally depositing only a small amount of TiO 2 over pure hematite (Sample ATi 0 ) using atomic layer deposition (ALD). The deposition thickness is well controlled by the ALD purging cycles to ensure that the hematite surface is not fully covered by TiO 2 . The procedure we follow deposits one full monolayer (ML) of TiO 2 per 10 cycles. A TiO 2 deposition of merely 2 cycles (0.2 ML) does significant improve the photocurrent and the onset potential (Figure 7a) . Correspondingly the IPCE is also improved by the TiO 2 submonolayer over the hematite surface (Supporting Information, Figure S9 ). The improvement is not due to the negligible light absorption of TiO 2 . In fact, PEC performance decreases for samples coated with 5 or 10 cycles of TiO 2 , as a thicker TiO 2 layer blocks the minority carrier (hole) transportation due to its deeper valence band edge. Since such a small amount of TiO 2 on surface neither changes the conductivity nor the morphology of the hematite films, the enhancement of PEC performance is clearly due to the passivation of the surface states of hematite electrode by titanium. 29, 44 We therefore propose that the improvement due to Ti-doping in hematite may be largely attributed to the inevitable presence of titanium atoms at hematite surface, which may either passivate the surface defects or provide better catalytic centers for oxygen evolving. To test this hypothesis, we deposit TiO 2 over Ti-doped hematite (Sample ATi 1.9 ) for comparison. It turns out that the additional TiO 2 coating on the surface no longer enhances the PEC performances (Figure 7b ), in sharp contrast to the pure hematite electrode. The result implies that the Ti-doped hematite electrode already has sufficient titanium at its surface to passivate the defects so that additional TiO 2 deposited to the surfaces no longer improves its photocatalytic activity. quality hematite thin films with the capability to incorporate different doping elements with tunable doping level. A two-step "deposition -oxidation" technique is adopted for better crystallinity it provides, which leads to record high photocurrent from planar pure hematite thin films. Introducing a controlled small stream of O 2 during the sputtering deposition not only inhibits the undesired chemical reaction between substrates and the titanium dopants, but also influences the crystallinity of the hematite film. The largest hematite domain size is achieved by limiting O 2 flow during the sputtering deposition as low as possible. When deposited at the optimal condition, Ti-doping significant increases the photocurrent generated from hematite thin film photoanodes, at a doping concentration as low as ∼0.5 atom%. We find that the exact role of titanium dopant for improving the photocatalytic activity is not apparently related to the films' electrical conductivity which had been widely believed, but is more likely due to the passivation of hematite surface defects by the titanium dopants. The strategy of preparing undoped or doped hematite thin films we present here can be readily applied to various doping species and concentration by modifying dopant pellets, and should be promising in further understand of doping effects in hematite for PEC water splitting.
METHODS

Preparation and characterization of doped/undoped hematite thin films.
Pristine or Ti-doped iron thin films are deposited over fluorinedoped tin oxide (FTO) coated glasses (MTI Corporation, 12∼14 Ω/sq) or silicon wafers (<100> orientation, 300 nm thermal oxide) by magnetron sputtering, in a Lesker PVD 75 physical vapor deposition system. All the substrates are cleaned in oxygen plasma prior to deposition process. For pure iron films we use iron plate (99.9+% purity) as the sputtering target and for Tidoped ones we embed cylindrical titanium pellets (99.995% purity, 1/8" diameter × 1/8" height) to the iron plate. The magnetron sputtering is held under argon flow of 40 sccm and various flow rates of oxygen. The deposition is conducted with the substrates held at room temperature until a desired thickness is reached, per reading from an in situ quartz crystal microbalance (QCM). After the deposition, iron thin films are heated in oxygen at 500 • C for 10 minutes in a rapid thermal annealer (RTA), to fully oxidize the iron films to hematite thin films. X-ray diffraction (XRD, Rigaku Ultima III) is conducted to confirm the formation of hematite. The presence of titanium in hematite films is confirmed by energy-dispersive X-ray spectroscopy (EDX, JEOL 7600F). K-line intensities are used for both iron and titanium quantifications, and the standard intensities used for calculation are directly from INCA Energy software database. X-ray photoelectron spectroscopy (XPS, RHK Technology UHV 7500) is conducted to further confirm the existence and valence of titanium dopant. For XPS quantification and calibration, the sensitivity factors we adopted are from Wagner empirically database. Scanning electron microscopy (SEM, Hitachi S4800) and transmission electron microscopy (TEM, JEOL 1400) respectively reveal the morphology and crystal structures of the thin films prepared with different parameters. Cross sectional specimens of selected thin film samples are prepared by focused ion beam milling (FEI HE-LIOS 600), from which high angle annular dark-field (HAADF) and EDX mapping images are collected simultaneously by a JEOL ARM-200F TEM. For studying the role of titanium doping, ultrathin TiO 2 is deposited over pure hematite films by atomic layer deposition (ALD, Savannah S100, Cambridge Nanotech) at 150 • C for various cycles (growth rate ∼0.02 nm/cycle).
Electrochemistry and photoelectrochemistry (PEC) measurements.
The photocatalytic performance of pure and Ti-doped hematite films on FTO substrates are measured by a potentiostat (VersaStat4, PAR), using a three-electrode PEC cell under illumination of a 150 W solar simulator with an AM 1.5 G filter (Newport). The hematite thin film coated FTO substrate is used as the working electrode with an active illumination area of 1.0 cm 2 , with a platinum wire as the counter electrode, an Ag|AgCl|3 M KCl electrode as the reference electrode (0.1941 V NHE at 25 • C), and a 0.1 M KOH solution (pH = 13) solution as the electrolyte. The potential recorded experimentally, E AgCl/Ag , is converted to a potential in reference of the reversible hydrogen electrode (RHE), E RHE , according to the Nernst equation:
where the E RHE is the potential converted, E AgCl/Ag is the potential measured, E • AgCl/Ag = 0.1941 V NHE at 25 • C, and pH = 13 in our case.
The incident light power is calibrated before each measurement, using a calibrated quartz-windowed silicon solar cell (Newport) and a spectrometer (Ocean Optics) as described in previously report. 46 Incident photon-to-current efficiency (IPCE) measurements use a 300 W xenon arc lamp and a grating monochromator, equipped with filters to eliminate higher order diffractions. The light power of the xenon arc lamp is measured by an optical power meter (Newport 1918-C) and a UV-enhanced Si photodiode sensor.
The conductivity of each sample is measured using an electrical probe station (Signatone). Ohmic contacts to the hematite film are established by depositing a film of 5 nm titanium and 50 nm gold over the sample, through a shadow mask that contains an array of circular holes (1.25 mm in diameter). Electrical resistance between two nearest neighbor contacts is thus given by a standard two-probe I-V measurement. Multiple contact pairs are randomly selected and tested to give the mean resistance. Resistivity and conductivity for each sample are then calculated from the electrical flow channel geometry.
